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Arginine in the N-Lobe of Human Transferrin’
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ABSTRACT: The G65R mutation in the N-lobe of human transferrin was created to mimic a naturally
occurring variant (G394R) found in the homologous C-lobe. Because Gly65 is hydrogen-bonded to the
iron-binding ligand Asp63, it comprises part of the second-shell hydrogen bond network surrounding the
iron within the metal-binding cleft of the protein. Substitution with an arginine residue at this position
disrupts the network, resulting in much more facile removal of iron from the G65R mutant. As shown by
UV—vis and EPR spectroscopy, and by kinetic assays measuring the release of iron, the G65R mutant
can exist in three forms. Two of the forms (yellow and pink in color) are interconvertible. The yellow
form predominates in 1 M bicarbonate; the pink form is generated from the yellow form upon exchange
into I M HEPES buffer (pH 7.4). The third form (also pink in color) is produced by the addition of
Fe*"-(nitrilotriacetate), to apo-G65R. Hydrogen—deuterium exchange experiments are consistent with all
forms of the G65R mutant assuming a more open conformation. Additionally, mass spectrometric analysis
reveals the presence of nitrilotriacetate in the third form. The inability to obtain crystals of the G65R
mutant led to development of a novel crystallization strategy in which the G65R/K206E double mutation
stabilizes a single closed pink conformer and captures Arg65 in a single position. Collectively, these
studies highlight the importance of the hydrogen bond network in the cleft, as well as the inherent flexibility
of the N-lobe which, although able to adapt to accommodate the large arginine substitution, exists in

multiple conformations.

The transferrins make up a family of iron-binding and
transport proteins that can be isolated from various biological
fluids. The major functions of serum transferrin (TF)! are to
bind ferric iron in a stable complex (preventing its hydrolysis
and maintaining its solubility in vivo) and to transport iron
to cells by a mechanism involving receptor-mediated en-
docytosis (see reviews in refs / and 2). TF is comprised of
a single polypeptide chain containing homologous N- and

 This work was supported by U.S. Public Health Service Grant RO1-
DK-21739 from the National Institute of Diabetes and Digestive and
Kidney Diseases (A.B.M.), Grant R37-GM-20194 from the National
Institute of General Medical Sciences (to N.D.C.), and Grant RO1
GMO061666 (to I.A.K.). Support for N.G.J. and S.L.B. came from
Hemostasis and Thrombosis Training Grant (ST32HL007594) issued
to Dr. K. G. Mann at The University of Vermont by the National Heart,
Lung and Blood Institute.

*To whom correspondence should be addressed: Department of
Biochemistry, University of Vermont, Burlington, VT 05405. Tele-
phone: (802) 656-0343. Fax: (802) 862-8229. E-mail: anne.mason@
uvm.edu.

* University of Vermont College of Medicine.

§ Current address: Genzyme Corp., 45 New York Ave., Framingham,
MA 01701.

' University of New Hampshire.

+ Deceased.

# University of Massachusetts.

@ University of British Columbia.

10.1021/bi802254x CCC: $40.75

C-lobes connected by a short bridging region. Each lobe
contains an iron-binding site situated at the bottom of a deep
cleft made up of two subdomains (the NI and NII subdomain
in the N-lobe and the CI and CII subdomain in the C-lobe)
that provide four amino acid ligands that bind the iron (3—35).
Coordination of the iron is completed by two oxygen atoms
from a synergistic anion (carbonate) crucial to high-affinity
iron binding. Release of iron from the human TF N-lobe
(hTF N-lobe) is accompanied by a large conformational
change in which the cleft opens 63° by a rigid body rotation
of the two subdomains around a hinge comprised of two
antiparallel -strands at the bottom of the cleft (6).

The X-ray crystal structure of the isolated hTF N-lobe,
produced by a recombinant approach, reveals that the iron-
binding ligands consist of the side chains of Asp63, Tyr95,

! Abbreviations: TF, serum transferrin; hTF, human serum trans-
ferrin; hTF N-lobe, recombinant N-lobe of human transferrin comprising
residues 1—337, termed wild-type N-lobe; G65R, mutation in which
the glycine at position 65 has been mutated to arginine; oTF,
ovotransferrin from chicken egg white; TFR, specific transferrin
receptor; BHK, baby hamster kidney cells; EPR, electron paramagnetic
resonance; NTA, nitrilotriacetate; EDTA, ethylenediaminetetraacetate;
DMEM-F12, Dulbecco’s modified Eagle’s medium supplemented with
Ham’s F12 nutrient mixture; HDX, hydrogen—deuterium exchange;
ESI-MS, electrospray ionization mass spectrometry.
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Tyr188, and His249 (3). In addition, there is a second shell
comprised of residues that are hydrogen-bonded to the
liganding residues (3, 6). Not surprisingly, mutation of any
of the metal-binding ligands drastically alters the spectro-
scopic, kinetic, and iron binding properties of the N-lobe
(7—10). Mutation of the second-shell residues also has a
considerable effect on the metal binding properties of the
N-lobe because of their proximity to the iron center and
the disturbance of the hydrogen bonding network within the
cleft (171—15).

A naturally occurring variant was identified in a woman
in England that affects the function of human TF (hTF) (/6).
In this variant, an arginine residue substituted for the second-
shell glycine residue at position 394 in the C-lobe results in
weaker iron binding as indicated by electrophoresis on 6 M
urea gels (/7). It has been well established that either
monoferric hTF binds to the specific TF receptor (TFR) with
a lower affinity than diferric hTF (/8, 19). Cell binding
experiments with the G394R variant are consistent with the
C-lobe of full-length hTF adopting an open (apo) conforma-
tion (20, 21). To mimic the G394R mutant in the hTF C-lobe,
the equivalent conserved residue, Gly65, has been mutated
to an arginine creating the G65R mutant in the isolated hTF
N-lobe (22). This approach was taken because production
of the recombinant isolated C-lobe is poor and placement
of the mutation into either lobe of full-length hTF compli-
cates the interpretation of its effect on structure and function.

The unusual behavior of this G65R N-lobe mutant (no
C-lobe) with regard to its iron binding, thermodynamic
stability, and EPR spectra has been described previously
(11, 22, 23); however, the reasons for the abnormal metal
binding properties of the mutant were not completely
understood. Therefore, we have revisited this mutant using
a combination of absorption and EPR spectroscopies, kinetics
and mass spectrometry. Additionally, an X-ray structure of
the G65R/K206E mutant is provided. Since we were unable
to crystallize the G65R mutant per se, a new strategy was
developed in which the G65R mutation was placed in the
background of a K206E N-lobe mutant. The substitution of
lysine with glutamic acid results in an N-lobe which is locked
in the closed conformation by a salt bridge between the
glutamic acid in the NI subdomain and Lys296 in the NII
subdomain (/5). Ordinarily, Lys206 and Lys296 comprise
a pH sensitive trigger which is critical to the release of iron
from the N-lobe in a physiologically relevant time frame.
What makes this approach reasonable is that, to date, virtually
all of the single-point N-lobe mutations show a very localized
effect; i.e., they produce no significant changes except at
the site of the mutation (where a water molecule often takes
the place of the missing side chain atoms) (24). We now
provide a more comprehensive assessment of the effect of
changing the glycine at position 65 to arginine on the metal
binding and spectroscopic behavior of the protein and offer
structural information to aid in understanding the unusual
behavior of the G65R mutant and, by inference, the naturally
occurring G394R variant of hTF.

MATERIALS AND METHODS

Materials. All chemicals were reagent grade. Stock solu-
tions of TRIS, HEPES, MES, and other buffers were
prepared by dissolving the anhydrous salts in Milli-Q
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(Millipore) purified water and adjusting the pH to desired
values with 1 N NaOH or HCI. A standard solution of Fe(II)
(1000 ug/mL) in 5% HNO; was obtained from J. Matthey
(Ward Hill, MA). Ethylenediaminetetraacetate (EDTA) was
obtained from Mann Research Laboratories, Inc., nitrilotri-
acetate (NTA) from Sigma, and DMEM-F12 from Invitro-
gen, and the spiral cartridge concentrator and Centricon 10
microconcentrators were from Amicon. The anion exchange
resin Poros 50 HQ was from Applied Biosystems.

Mutagenesis, Production, and Purification. The DNA
manipulations used to generate the G65R and K206E mutants
have been reported previously (/5, 22). The double mutant
was made by placing the G65R mutation into the plasmid
containing the K206E mutation. Expression and purification
of the hTF N-lobe and hTF N-lobe mutants were carried
out as described previously (25). Briefly, the recombinant
hTF N-lobe was isolated from the culture medium of
adherent BHK cells attached to the surface of expanded
surface roller bottles. Four to five batches of medium were
pooled, concentrated, exchanged, and applied to a Poros 50
HQ anion exchange column to remove phenol red and most
of the albumin present in the medium. Following a single-
step elution with 160 mM TRIS buffer (pH 8.0), the samples
were concentrated and purified to homogeneity by gel
filtration chromatography on a Sephacryl S-200HR (26/60)
column; polyacrylamide gel electrophoresis (10%) in the
presence of SDS was used to verify purity.

Upon isolation from the S-200HR column (equilibrated
and developed in 100 mM ammonium bicarbonate), the
G65R mutant is yellow. To convert the yellow sample to
one of the pink forms, it was placed into a YM-10
microconcentrator and exchanged (~2 mL, four times) into
1 M HEPES buffer (pH 7.4). To remove iron, samples were
placed in YM-10 microconcentrators and treated in a
stepwise manner with aliquots of ~2 mL of “iron removal
buffer” [0.5 M sodium acetate (pH 4.9) containing 1 mM
NTA and 1 mM EDTA], followed by 100 mM KCI (once),
100 mM sodium perchlorate (once), and 100 mM KCl (four
times). Fe’*-loaded proteins were prepared by addition of a
slight excess of Fe’*(NTA), (pH 3.5) to the apoproteins in
50 mM HEPES buffer (pH 7.4) (or to samples which were
not completely iron saturated as indicated by the ratio of
Asgo divided by Anax) (7). NTA is commonly used to keep
the Fe** in solution. Apo and iron-loaded samples were then
exchanged into 50 mM HEPES (pH 7.4) using YM-10
microconcentrators.

Electronic Spectra. UV—vis spectra were recorded on a
Cary 100 spectrophotometer at 25 °C. The appropriate buffer
(pH 7.4) served as the reference for full-range spectra from
650 to 300 nm. Difference spectra were generated by storing
the spectrum of the apo-N-lobe as the baseline and subtract-
ing it from the sample spectra.

EPR Spectroscopy. Frozen solution EPR spectra of the
iron-loaded hTF N-lobe were recorded at 90 K using a flow
of cold N, gas and a laboratory-constructed X-band (9.4
GHz) EPR spectrometer described elsewhere (8, 26). Typical
spectrometer settings were as follows: microwave frequency,
9.386 GHz; microwave power, 20 mW; amplitude, 10.0 G;
scan rate, 4 G/s; and time constant, 1.0 s.

Kinetics of Iron Release. The kinetics of release of iron
from the hTF N-lobe and hTF N-lobe mutants were
determined at 25 °C on an Applied Photophysics SX.18MV
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stopped-flow spectrofluorometer fitted with a 20 4L observa-
tion cell with a 2 mm light path and a dead time of ~1.1 ms
for monitoring fast release (27). One syringe contained
protein (375 nM in Milli-Q water), and the other syringe
contained MES buffer (200 mM, pH 5.6) and EDTA (8§ mM).
The samples were excited at 280 nm (wavelength selection
from a monochromator), and fluorescence emission was
monitored using a high-pass 320 nm cut-on filter. For
measuring the change in absorbance at 280 nm, we used the
absorbance detector on the same stopped-flow instrument.
For these experiments, one syringe contained protein (6.0
uM in Milli-Q water) and the other syringe contained MES
buffer (200 mM, pH 5.6) and EDTA (8 mM). Rate constants
were determined by fitting the change in absorbance or
fluorescence intensity versus time using Origin (version 7.5)
with either a single-exponential [y = A, exp(—x/t;) + yol, a
double-exponential [y = A, exp(—x/t;) + A, exp(—x/t;) +
Yol, or a triple-exponential function [y = A exp(—x/t;) + A,
exp(—x/t,) + Az exp(—x/t3) + yo] as required for each mutant.

Direct ESI-MS Measurements. The composition of the
protein—metal —synergistic anion complex was determined
using direct mass measurements of protein ions produced
by electrospray ionization mass spectrometry (ESI-MS). The
measurements were carried out with a hybrid quadrupole/
time-of-flight mass spectrometer (QStar XL, Sciex/Applied
Biosystems, Toronto, ON) equipped with a Turbospray ESI
source and collisional cooling of ions in the interface region.
Mild ion desolvation conditions were achieved by maintain-
ing a low declustering potential (<75 V), in comparison to
enhanced desolvation conditions (165 V). Protein solutions
were prepared for ESI-MS analysis by diluting them to a
final concentration of 10 M in 20 mM ammonium acetate.

Hydrogen—Deuterium Exchange. Hydrogen—deuterium
exchange (HDX) measurements were carried out using a
slightly modified procedure described in detail elsewhere
(28). Briefly, HDX of intact proteins was initiated by diluting
the protein stock solutions (125 uM) 20-fold with exchange
buffer [25 mM potassium phosphate (pH 7.4) in D,0]
equilibrated at 37 °C. After exchange for 15 min, the samples
were placed in an ice bath for 30 s and then an equal volume
of prechilled quench solution (4.0% formic acid) was added
and rapidly mixed, yielding a pH of 2.5. The reaction mixture
was rapidly desalted using a protein micro trap cartridge
(Michrom Bioresources, Inc.) on ice with a mobile phase of
5% acetonitrile and 0.1% formic acid driven by a high-
performance liquid chromatography (HPLC) system (HP1100,
Agilent Technologies, Santa Clara, CA). The protein was
eluted from the trap directly into the mass spectrometer using
an isocratic flow of 70% acetonitrile and 0.1% formic acid
at a flow rate of 150 uL/min. Fully exchanged samples
(which served as the end point) were prepared by performing
the HDX incubation in 2.0% formic acid (in lieu of buffer)
for 6 h at 37 °C. The extent of deuterium incorporation for
each protein following the exchange was determined as a
protein mass change (measured with QStar XL, vide supra).
Since these measurements were carried out under denaturing
conditions, any observed mass change is ascribed to the
increase in deuterium content, as opposed to the presence
of ferric ion and/or synergistic anion.

Crystallization and Cryoprotection. Crystals of the G6SR/
K206E N-lobe were grown using a vapor diffusion sitting
drop method. The double mutant was crystallized at 20 °C
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Table 1: Data Collection and Model Refinement Statistics for the hTF
N-Lobe G65R/K206E Mutant

space group P2,2,2,
unit cell (A) a=43.35
b = 57.06
c=133.74
resolution limits (A) 30—1.80
Ryym (%) 49 (11.3)
I/lo“ 2225 (11.51)
completeness (%) 93.3 (87.2)
no. of molecules in the asymmetric unit 1

no. of unique reflections® 29637 (2701)

R-factor (Rpee) (%) 21.6 (24.6)
model details

no. of protein atoms 2557

no. of solvent atoms 269

ions Fe’™, CO5>~
average B-factor (A2%)

protein main chain atoms 13.76

protein side chain atoms 15.59

solvent molecules 18.32
root-mean-square deviation from ideal geometry

bond distances (A) 0.006

bond angles (deg) 1.3

Ramachandran plot statistics (%)
(Gly and Pro excluded)
most favored regions
allowed regions
generously allowed regions
disallowed regions

86.4 (248 residues)
12.5 (36 residues)
0.7 (2 residues)
0.3 (1 residue)

“ Data in parentheses are for the outermost shell (1.86—1.80 A).

from a solution of 200 mM potassium acetate buffer (pH
7.7) containing 10 mM KClI and 18% polyethylene glycol
3350. The initial concentration of the mutant in the sitting
drop was 17.5 mg/mL. Crystals appeared in approximately
1 week following streak seeding with the wild-type N-lobe.
Crystals were cryoprotected by a 1 h soak in mother liquor
containing 35% polyethylene glycol 3350 prior to being
flash-frozen in liquid nitrogen.

Data Collection, Structure Determination, and Refinement.
X-ray diffraction data on the frozen crystal were collected
using a Mar345 image plate detector on a Rigaku RU-300
generator with a copper rotating anode. All data sets were
indexed using DENZO (29) and scaled and merged using
SCALEPACK (29) (Table 1). Phasing information was
generated using molecular replacement, MOLREP (30), with
the wild-type iron-containing N-lobe (Protein Data Bank
entry 1A8E). The atoms representing the iron, carbonate, and
all water molecules were removed from the search model to
eliminate bias. The model was refined using successive
rounds of simulated annealing, occupancy, and B-factor
refinement using CNS (37). Throughout the refinement,
revision of the model based upon map interpretation with
the graphics program O was performed (32, 33). The final
model includes residues 3—331 of the polypeptide chain,
iron, carbonate, and 269 water molecules. Coordinates have
been deposited in the Protein Data Bank (entry 3FGS).

RESULTS

Absorption Spectra. In the presence of excess bicarbonate,
pH ~8.1, the iron-containing G65R N-lobe mutant is yellow.
Multiple exchanges of the yellow form into 1 M HEPES
buffer (pH 7.4) on a microconcentrator produces a pink form.
The spectral parameters for the G65R mutant in bicarbonate
and in HEPES buffer are compared to those for the wild-
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Table 2: Summary of the Spectral Characteristics for Recombinant
Wild-Type and Various hTF N-Lobe Mutants

protein (iron-bound) color Amax (NM) Ago/Amax
N-lobe (wild-type)* pink 472 23.5
G65R (HCO;") yellow 426 21.8
G65R (HEPES) pink 474 28.2
G65R [Fe**(NTA),] pink 469 22.0
K206E orange 464 26.1
G65R/K206E pink 470 26.2
D63A (HCO;™)” yellow 414 21.2
H249A (HCO;7)® yellow 430 24.6

“ From ref 8. ® From ref 7. ¢ From ref 70.

type N-lobe (Table 2). Additionally, the parameters for the
D63A and H249A mutants which each lack a ligand are
included in Table 2. We note that the spectral characteristics
of the yellow form of the G65R mutant are similar to those
of both the D63A and H249A N-lobe mutants; all are
significantly blue-shifted and yellow in color. In contrast,
the spectrum of the pink form in HEPES is more similar to
the wild-type N-lobe spectrum but still has a slight red shift.
When the G65R mutant from which iron has been removed
is loaded with Fe*"(NTA), (in the presence of ~10 mM
bicarbonate), a pink product with spectral characteristics close
to those of the wild-type N-lobe is observed (Table 2). The
spectra of the two pink forms, while having similar band
maxima of 474 and 469 nm, differ somewhat in their A,go/
Anmax With ratios of 28.2 and 22.0, respectively (with Ajpax
defined as the absorbance maximum in the visible range).
The spectral parameters of the G6SR/K206E double mutant
and those of the single K206E mutant are included in Table
2; both show slight blue shifts and a somewhat higher ratio
of Asgo/Anmax relative to that of the wild-type N-lobe. This
ratio is commonly measured as an indicator of the degree of
iron saturation and/or coordination.

EPR Spectra. The Fe*" EPR spectrum of the G65R mutant
demonstrates the existence of at least two forms (Figure 1).
In 100 mM HEPES buffer (pH 7.4), the protein (pink)
displayed a near-rhombic EPR spectrum similar to that of
the wild-type N-lobe with the three-component signal near
g’ = 4.3 (compare spectra A and B) (/2). Addition of 100
mM NaHCO;s to this sample results in a color change from
pink to yellow and an EPR signal that is purely rhombic
(spectrum C), similar to spectra observed for all other mutants
containing only three amino acid ligands (including D63A,
YO5F, and H249A) (8, 9, 11). Addition of 140 mM KCl to
the pink G65R sample of spectrum B causes spectral changes
(spectrum D) similar to those of the mixture of the yellow
and pink forms previously reported (/7). Additionally, a
shoulder at ~1360 G is observed and attributed to the well-
known salt effect on the EPR spectra of transferrins
(reviewed in ref /7). The shoulder is thought to arise from
conformational change(s) in the protein induced by a
combination of CI™ binding and ionic strength (/7), but strain
in the zero-field parameters D and E of the Fe** center may
also contribute to this feature (34).

The EPR spectrum for the G65R/K206E mutant is
presented in Figure 2 (spectrum A). In the presence of 100
mM HEPES, the spectrum of the double mutant is very
similar to that of the wild-type N-lobe with little change
induced by addition of bicarbonate (Figure 2B); i.e., the
K206E mutation abrogates the destabilizing effect of bicar-
bonate on the spectrum. The presence of 140 mM KCl leads
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A) Fe-hTF/2N (WT)

}

B) Fe-GB5R

C) Fe-GB5R (+ 0.1 M NaHCO,)

D) Fe-G65R (+ 0.14 M KCl)

L L | R | PN . 1
0 500 1000 1500 2000

Field (G)

FIGURE 1: X-Band (9.38 GHz) EPR spectra of frozen samples of
the iron-saturated wild-type N-lobe and the G65R mutant. Protein
samples (~0.3 mM) with HEPES (~100 mM) at pH 7.5 and 90 K.

A) G65R-K206E in 0.1 M Hepes

B) G65R-K206E in 0.1 M NaHCO,

C) G65R-K206E in 0.1 M Hepes
+0.14 M KCI

0 500 1000 1500 2000 2500
Field (G)
FIGURE 2: X-Band (9.38 GHz) EPR spectra of frozen samples of

the iron-saturated G6SR/K206E mutant. Protein samples (~0.3 mM)
with HEPES (~100 mM) at pH 7.5 and 90 K.

to a spectrum (Figure 2C) which again resembles that of the
wild-type N-lobe with the appearance of a shoulder at ~1325
G to the low field side of the g" = 4.3 signal, due to the salt
effect (/7). The appearance of the shoulder indicates that
some “axial character” has been introduced into the ligand
field of the high-spin Fe**center (11).

Kinetics of Iron Release. The apparent first-order rate
constants for release of iron from the wild-type N-lobe and
the various forms of the G65R mutant at pH 5.6 (the putative
pH of the endosome) monitored by the increase in the
fluorescent signal are given in Table 3, and the kinetic traces
are provided in Figure 3A. The two observed rate constants
for the wild-type N-lobe have been definitively attributed to
the release of iron (the faster rate constant) and a confor-
mational change in two of the three Trp residues in the
N-lobe associated with cleft opening (27). These assign-
ments are based on the ability to monitor iron release
directly by the decrease in absorbance at 470 nm. In this



Mutation at Gly65 in the Transferrin N-Lobe

Biochemistry, Vol. 48, No. 9, 2009 1949

Table 3: Rate Constants, kosn (min~'), of Iron Release for Iron-Containing N-Lobe and N-Lobe Mutants Monitored by the Increase in Fluorescence
(Figure 3) or by the Decrease in Absorbance at 280 nm (kinetic traces not shown)”

protein fluorescence kgpy (min™') L, L, I; (%)° absorbance kg (min™") Iy, I (%)*
N-lobe (wild-type)” 89+08,1.3+£0.3 64,36 8.0+£0.9 100
G65R (HCO;7)? 322.7+£23,13.6+3 95,5 411.6 £ 30 100
G65R (HEPES)” 370.4 £10,58.9 +3,3.7 £ 0.1 83,9,8 4272 £26,36.7+3 83,17
G65R [Fe*"(NTA),]” 318.0+2,13.7+0.6 92,8 305.4 + 31 100
G65R/K206E 1.0 £ 0.01 100
K206E too slow to measure accurately

“ Measurements were taken in 100 mM MES (pH 5.6) and 4 mM EDTA. ” Kinetic data were fit to a sum of exponentials (see Materials and
Methods). I, I,, and I5 refer to the percent change in fluorescence intensity corresponding to Kepenis Kobsnzs and Kepens, respectively. ¢ I, and I, refer to
the percent change in absorbance intensity corresponding to kopsni and kopsno, respectively.
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FIGURE 3: (A) Kinetic traces monitoring the time-based change in
fluorescence of each form of the G65R mutant as indicated. The
inset shows the curves for the first 2 s to highlight the difference
in the kinetic curves for the three samples. (B) Kinetic traces of
the time-based change in fluorescence when iron is removed from
the wild-type N-lobe and the G65R/K206E mutant. All samples
are in 100 mM MES (pH 5.6) containing 4 mM EDTA. Excitation
was at 280 nm, and emission was recorded with a 320 nm cut-on
filter.

study, the decrease in absorbance at 280 nm for the wild-
type N-lobe yields a very similar rate constant, 8.0 £ 0.9
min~! versus the rate of 9.1 4+ 0.7 min~' measured
previously by absorbance at 470 nm (26). Since the change
in absorbance at 280 nm provides a signal that is
considerably stronger than that at 470 nm (data not
shown), it is preferable to monitor the kinetics at the

shorter wavelength. As noted previously (26), these values
compare very well with the kopeni Of 8.9 4+ 0.8 min™!
determined by fluorescence (Table 3).

It is clear that all of the forms of the G65R mutant release
iron significantly faster (a 35—50-fold increase) compared
to the fastest rate constant for the wild-type N-lobe. As
indicated by the rate constants from the absorbance data,
the three forms all feature a fast event which correlates with
actual iron removal (compare Table 3). Interestingly, the
carbonate complex and the NTA complex exhibit similar
kinetics with a fast event accounting for most of the change
in the intensity of the signal (95 and 92% of the intensity)
and a slower event accounting for the remaining change.
When the change in absorbance is monitored, a single rate
constant due to iron release is found for the wild-type N-lobe
and two of the mutants, indicating that iron has been
completely removed (Table 3). When monitored by fluores-
cence, the HEPES form of G65R has a more complex kinetic
profile with three rate constants. Additionally, this form
yields two rate constants from absorbance measurement (see
Discussion). It is significant that for the G65R/K206E mutant
we observe iron release that is considerably slower than that
of both the wild-type N-lobe and the G65R samples (Table
3). Since no iron release is found for the K206E mutant
alone, the result indicates that the G65R mutation counter-
balances the K206E mutation; i.e., the arginine at position
65 is more destabilizing than the salt bridge between Glu206
and Lys296 is stabilizing. This statement is supported by
analysis on 6 M urea gels; all of the iron is removed from
the G65R/K206E mutant following a 15 min incubation in
100 mM MES buffer (pH 5.6) containing 4 mM EDTA,
while none is removed from the K206E mutant alone (data
not shown). Of interest is the fact that the change in
fluorescence intensity observed for the K206E/G65R double
mutant is considerably smaller than that found for the wild-
type N-lobe (Figure 3B).

ESI-MS Measurements. Direct ESI-MS measurements of
the Fe3*(NTA), form of the G65R mutant were carried out
to establish the composition and stoichiometry of the
protein—metal complex. Previously, we demonstrated that
it is possible to preserve the protein—metal—synergistic anion
complex in the gas phase by selecting mild ion desolvation
conditions in the ESI-MS interface, while enhanced desol-
vation of ions in the ESI source results in the loss of the
synergistic anion (35—37). The major ionic species observed
in the mass spectrum of the Fe*"(NTA), form of the G65R
mutant acquired under mild (near-native) conditions is a
protein—metal complex (Figure 4). Another prominent peak
in this mass spectrum corresponds to a ternary protein—
metal -NTA complex (1:1:1 stoichiometry). This species



1950 Biochemistry, Vol. 48, No. 9, 2009

G65R

Fe +(COy or CHyCOy) + NTA f=--=-=-======n-=-

Fe+NTA f----=--smmsmmmmnon >

Fe +2(COy or CHyCO,) -----=------ >

Fe + (CO3 or CH,CO,) f---=--- >

Fe {--

Mason et al.

® +Na

Low Declustering Potential

A High Declustering Potential
—_A_\.N/\.} Denaturing
! I T I T I T I T I T 1
37,000 37,200 37.400 37,600 37,800  Mass, daltons

FIGURE 4: ESI mass spectra of iron, synergistic anion, and NTA binding to the G65R mutant. Spectra recorded for the G6SR—Fe—NTA
sample illustrate the dependence of the observed ternary complex on the source conditions. Binding of NTA and Fe is observed with a high
declustering potential (red trace), whereas more mild conditions (blue trace) were required to observe anion binding. The spectrum collected
for the denatured protein serves as a ligand-free control (black trace). The presence of a Na™ ion is indicated by a green dot.

Table 4: Hydrogen—Deuterium Exchange Reactions after 15 min at
37 °C

Table 5: Bond Lengths (A) for the Iron Coordination in the Wild-Type
N-Lobe and the Two Mutants, K206E and G65R/K206E

protein increase in M,," % of exchange”
Fe N-lobe (wild-type) 112£2 5241
apo N-lobe (wild-type) 124 +£2 59+1
GO65R (HCO;5") 129 £2 61 £1
G65R (HEPES) 126 £2 58+1
G65R [Fe*"(NTA),] 127+£2 58+1
G65R/K206E 119+£2 55+1

“ Measured value =+ the standard deviation.

becomes predominant in the mass spectrum acquired under
mild desolvation conditions in the ESI-MS interface, with
the second most abundant species corresponding to a ternary
complex in which NTA is replaced with either carbonate or
acetate (a distinction between these two anions could only
be made if the accuracy of mass measurements exceeds
0.005%).

Hydrogen—Deuterium Exchange. HDX MS of the apo
and iron-bound forms of the hTF N-lobe reveals a notice-
ably higher degree of amide protection in the presence of
iron (Table 4), consistent with our earlier results (38). The
higher extent of deuterium incorporation in the apoprotein
is indicative of the lower level of protection from solvent
due to the open conformation of the hTF N-lobe. Though
this difference in protection between apo and holo hTF
remains evident at longer time points, a single 15 min
exchange time was selected to evaluate the G65R mutants.
The extent of exchange observed for all forms of the G65R
mutant is indistinguishable from that of the apo wild-type
N-lobe, clearly suggesting that the mutant remains in the
open conformation regardless of the presence (or absence)
of iron. Interestingly, the extent of exchange displayed
by the G65R/K206E double mutant lies in the middle of
the range defined by the apo and holo forms of the wild-
type N-lobe (Table 4).

N-lobe (wild-type) K206E G65R/K206E
(1A8E) (2084) (3FGS)
Asp63 OD1 2.03 2.20 2.04
Tyr95 OH 1.97 2.03 2.04
Tyr188 OH 1.80 2.31 2.20
His249 NE2 2.04 2.58 223
Argl24 carbonate two conformations one conformation one conformation
carbonate NE 2.81 2.93 2.67
ligands NH2 2.57 2.90 2.64

Crystal Structure of the G6SR/K206E Mutant. We were
unable to obtain crystals of the G65R mutant, most likely
because of both the flexibility of the arginine and the
instability and heterogeneity of the metal complex. By
placing the G65R mutation into a stable environment (the
K206E N-lobe mutant), we were able to crystallize the double
mutant and to identify at least one conformation available
to Arg65. The iron coordination in the wild-type N-lobe,
the K206E mutant, and the G65R/K206E double mutant is
shown in Table 5. In comparison to the parent K206E (root-
mean-square deviation for 1312 atoms of 0.48 A), the major
difference in the structure of the G65SR/K206E mutant is that
the Arg65 is within hydrogen bonding distance of both Asp69
and Asnl129 (Figure 5). In both the wild-type N-lobe and
the K206E mutant, Asp69 contacts Arg327; in the G65R/
K206E double mutant structure, Arg327 resides in a water
hydrogen bonding network and no longer contacts Asp69.
In the wild-type N-lobe and the K206E mutant, Asnl129
contacts Tyr319 which is in a hydrogen bond network
comprised of Ser125 and the ligand Asp63. In the double
mutant, Asnl29 makes contact with only the substituted
Arg65. The substituted glutamic acid at position 206 forms
a salt bond with Lys296, accounting for its inability to
remove the iron from the K206E mutant and the decreased
rate constant for release of iron from the double mutant.
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FIGURE 5: Overlay of the G65R/K206E (multicolor) structure on the K206E structure (gray). Iron (red) with its amino acid ligands (cyan)
and synergistic anion (carbonate, magenta) are shown for orientation. A simulated annealing omit map (1.50) is drawn for Arg65. Note that
Argb65 is within hydrogen bonding distance of both Asp69 and Asn129 (dashed lines).

DISCUSSION

This work clearly shows that the G65R mutant is
extremely unstable kinetically and exists in multiple forms
in a buffer-induced manner. Previous EPR studies of the
mutant showed that the spectrum could be simulated by
summing the spectra of the fully open and fully closed
conformations (/7). The work presented here demonstrates
that the situation is more complex. Although the absorbance
maxima and ratios of both of the pink forms [HEPES and
Fe’"(NTA),] are similar to each other and to those of the
iron-bound wild-type N-lobe (Table 2), neither of these
samples is in the “closed” conformation as indicated by the
kinetic data and the HDX experiments. On the basis of
the blue-shifted absorbance spectrum (Table 2) and the EPR
spectrum (Figure 2, spectrum C), the yellow carbonate form
of the G65R mutant is clearly missing a ligand. Surprisingly,
this does not seem to make it any more labile than the other
two forms of the mutant as indicated by the kinetic rate
constants.

In the complex with NTA, the possibility that the chelator
might remain bound to the iron and stabilize the metal-
binding site must be considered. Precedence for this idea
comes from crystallographic studies of ovotransferrin (oTF)
(39) in which colorless apo oTF N-lobe crystals were soaked
in a solution of 3 mM Fe*"(NTA), for 4 h, yielding red
crystals. The X-ray structure revealed that the binding cleft
remained open, with the NTA providing four ligands to the
iron with the two tyrosines completing the six-coordinate
complex and giving rise to the color. Reminiscent of the
G65R mutant, this oTF ternary protein—iron—NTA complex
could be displaced only by a high concentration of carbonate.
Nevertheless, the experimental conditions in the oTF work
would preclude the dynamic conformational change(s) which
ordinarily results in elimination of the NTA. In solutions of
the wild-type N-lobe of either oTF or hTF, the amino acid
ligands from the protein easily displace the NTA from the
iron due to the higher affinity with which they bind. In the
specific case of the G65R mutant iron loaded with
Fe**(NTA),, the weak binding of ferric iron (as inferred from
the kinetic data in Table 3) means that it might exist as a
complex with NTA. Indeed, the mass spectrometry analysis
reveals the presence of NTA in the complex (Figure 4). The

presence of the smaller synergistic anions (carbonate and
bicarbonate) in some portion of the sample further indicates
that there is a mixture of forms. We note that mass
spectrometry is a powerful (and relatively straightforward)
method for accessing the precise nature of the ternary
complex.

Unfortunately, the sample in nonvolatile HEPES buffer
is inaccessible to direct ESI-MS analysis so its precise
makeup could not be determined by this method. However,
as described previously (40), the negatively charged ethane-
sulfonic acid group of HEPES can act as an anion, although
the binding is very weak, consistent with the fact that a
concentration of 1 M HEPES is required to “convert” the
sample to this form. The complexity of the sample is
underscored by the fact that one additional rate constant is
required to fit the kinetic data from both the fluorescence
and absorbance experiments compared to the wild-type
N-lobe (Table 3). The “weakness” introduced by the presence
of the large arginine residue in place of the glycine clearly
allows access to several conformations with unique kinetic
properties. The observation of two rate constants in the
absorbance data (Table 3) indicates that the iron is released
from two distinct forms with differing iron binding affinities.

X-ray Crystal Structure. The X-ray structure of the G65R
mutant in the K206E background reveals the precise
structural changes that can occur. Since the structure
obtained is expected to represent a single low-energy
conformation, it is essential to look at the changes due
directly to the K206E mutation compared to those that
can be attributed to the G65R mutation. Contributing to
the stability of both the K206E mutant and the G65R/
K206E double mutant is the finding that Arg124 and the
carbonate occupy only a single position in both the K206E
and G65R/K206E mutants (Table 5). A unique feature of
the wild-type N-lobe of hTF is the observation from the
original crystal structure that Argl24, which stabilizes the
synergistic carbonate anion, exists in two different con-
formations (termed ‘“near” and “far”), leading to the
suggestion that protonation of the synergistic carbonate
anion is the first step of iron release. This hypothesis has
been validated by studies in which the position of Argl124
was forced into the near or far conformation by strategic
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mutagenesis (4/). This work showed that the position of
Argl24 correlates perfectly with the rate of iron release.
Further support for the role of protonation of the syner-
gistic carbonate anion comes from substitution of carbon-
ate with the larger anion oxalate which results in extremely
sluggish iron release (42).

Interestingly, the G65R/K206E double mutant is consider-
ably less stable than the K206E mutant as indicated by the
fact that it releases iron at pH 5.6 in the presence of EDTA,
whereas the K206E mutant does not (Table 3). Of interest,
the HDX experiment with G65R/K206E shows a level of
protection which is intermediate between fully open and fully
closed conformations (Table 4). Thus, as noted earlier, the
destabilization due to the Arg substitution overcomes the
stabilization provided by the K206E mutation. The significant
reduction in the fluorescence intensity when iron is released
from the double mutant relative to the wild-type N-lobe
(Figure 3B) is very curious. Combined with the HDX data
and the slow rate constant for iron release (Table 3), we
suggest that the G65R mutation loosens the cleft sufficiently
for iron to be captured by the chelator at pH 5.6, but that
the cleft without iron remains more closed than open due to
the presence of the K206E mutation. As recently reported
(26), only two of the three Trp residues (Trp128 and Trp264)
make a substantive contribution to the change in the fluo-
rescence signal. Iron removal accounts for ~60% of the
increase in the signal, and conformational changes in the
local environment of Trpl28 and Trp264 account for
the remaining ~40%. In the G65R/K206E mutant, the local
environment of these two Trp residues undoubtedly differs
from that found in the fully apo conformation and apparently
mutes the fluorescence signal. Steady state fluorescence data
for the iron-containing and apo conformations of the G65R/
K206E mutant indicate that the net change due to iron
removal is ~30% less than the change observed for the wild-
type N-lobe (data not shown). Taken together, these differ-
ences provide an explanation for the significant reduction in
the fluorescence intensity when iron is released from the
double mutant relative to the wild-type N-lobe.

In summary, the G65R mutant exists in at least three
conformations, none of which is very stable. The yellow form
exists only in the presence of excess bicarbonate and is
largely open. A second form (pink in color) is the complex
formed with NTA, which remains bound to the metal. In
this form, the iron is undoubtedly also bound to the two
tyrosine ligands and possibly is stabilized by interaction with
other amino acids in the cleft (as observed for oTF). Again
the cleft is more open than closed. The third form induced
by HEPES buffer is the most labile and complex, as indicated
by the kinetic analysis. None of the forms is very stable,
and all are probably sampling other conformations. Obvi-
ously, the least labile conformation has been captured in the
crystal structure of the double mutant. This conformation is
closed and is stabilized by the formation of a hydrogen bond
between Arg65 and Asnl29 residing on opposite sides of
the binding cleft. Due to the dynamic nature of the N-lobe,
it seems likely that all of the conformations sample this form
occasionally, affording them some stability.
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